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Supplemental feeding of deer is a common management action. However, concentrating
animals, as feeding does, is known to promote the transmission of disease. We examined how
feeding alters three sources of disease: aflatoxins, gastrointestinal parasites, and ticks. To do this,
we paired 79 feeder sites throughout Mississippi with ecologically-equivalent sites without
feeders. Wildlife visitation increased at feeders compared to sites without feeders. For aflatoxins,
we sampled during the summer and hunting season and found low prevalence and levels in
feeders and bagged/bulk feed. The greater concern was environmental exposure to aflatoxins. All
corn piles exposed to environmental contamination in July contained toxic levels of aflatoxins
after eight days. The environmental load of gastrointestinal parasites was elevated for coccidia
(4x) and strongylids (3x). Finally, feeding reduced the number of ticks at feeder sites, but did not
alter the prevalence of tick-borne diseases within captured ticks compared to sites without
feeders.
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CHAPTER I
IDENTIFYING AFLATOXIN EXPOSURE RISK FROM
SUPPLEMENTAL FEEDING OF DEER
Abstract
Aflatoxins, common contaminants of crops and feed, are a health risk to wildlife. Past
research found aflatoxins in feed and feeders provided for game species but consumed by a
variety of wildlife species. We determine the current extent of aflatoxin contamination in wildlife
feed and deer feeders, examine aflatoxin production in corn piles over time, and quantify nontarget wildlife visitation to deer feeders. We sampled feeders (n=107) in Mississippi, USA,
bagged/bulk feed sources (n=64) from six states in the southeastern USA, and 20 corn piles
exposed to environmental contamination over 10 days (n=20) during May-December of 2019
and 2020. We found aflatoxins in feeders during summer (prevalence=4.1%) and hunting season
(5.9%) and in bagged/bulk feed during hunting season (10.9%). Positive samples had levels of
(average ± standard deviation) 58 ± 71 ppb in summer feeders, 60 ± 1 ppb in hunting season
feeders, and 13 ± 8 ppb in bagged/bulk feed. After eight days, aflatoxins were produced in all
summer corn piles to toxic levels (483-3475 ppb), although none were detected in hunting season
piles after day one. Non-target wildlife detected at feeders included 16 mammalian and >19
avian species. Numerous wildlife species continue to be at risk for aflatoxin exposure due to
supplemental feeding for deer, with the primary risk factor in the southeastern USA being
summertime environmental exposure of feed to aflatoxin-producing fungi.
1

Introduction
Aflatoxins, toxic secondary metabolites of Aspergillus flavus and Aspergillus parasiticus
(Marasas and Nelson 1987; Rustom 1996), are known to contaminate crops in fields and during
storage (Thompson and Henke 2000; Kuiper-Goodman 2004). Multiple mass mortality events
have occurred from wildlife consumption of aflatoxin-contaminated crops (Robinson et al. 1982;
Cornish and Nettles 1999). To protect human health, the U.S. Food and Drug Administration
enacted a limit of 20 ppb aflatoxin on food and feed within the human food supply chain (Food
and Drug Administration 1979). Historically corn above this limit has been sold for wildlife use
(Fischer et al. 1995; Schweltzer et al. 2001).
Effects of aflatoxins are most severe for birds (Creekmore 1999). In controlled feeding
studies, aflatoxins damaged livers and reduced body size of both wild and domestic Turkeys,
Meleagris gallopavo, (Giambrone et al. 1985; Quist et al. 2000). The minimum daily dose of
aflatoxins in feed needed to negatively affect the health of a newly-hatched, domestic Turkey
with six weeks of exposure is 200 ppb (Rauber et al. 2007), and effects from that exposure level
can be seen in four-month-old Wild Turkey after two weeks (Quist et al. 2000). Northern
Bobwhites, Colinus virginianus, are also negatively affected by aflatoxins (Moore et al. 2013)
and do not select against feed contaminated with up to 1,000 ppb (Perez et al. 2001). Whitetailed deer, Odocoileus virginianus, experienced liver damage when given aflatoxins over 800
ppb (Quist et al. 1997). Northern Cardinals, Cardinalis cardinalis, experienced decreased
immune function with aflatoxin-contaminated diets of 25 ppb and 77% mortality with diets of
500 ppb or greater (Moore 2004).
Aflatoxins have been reported in bags of feed (Henke et al. 2001; Schweltzer et al. 2001)
and wildlife feeders (Oberheu and Dabbert 2001). Wildlife bait in North and South Carolina,
2

USA had a 58% prevalence rate of aflatoxin contamination, levels up to 750 ppb, and ≥300 ppb
aflatoxin in 10% of the positive samples (Fischer et al. 1995). Levels up to 114 ppb of aflatoxin
were found in bagged deer corn in Texas (Dunham et al. 2017).
Supplemental feeding is practiced by approximately half of hunting lease permit holders
in Texas (Thigpen et al. 1990) and properties participating in the Mississippi Department of
Wildlife, Fisheries and Parks’ Deer Management Assistance Program (Jones et al. 2017). Despite
the popularity of feeding and the risk of aflatoxin contamination, there are still many unknowns.
One past study on aflatoxins and supplemental feeding occurred during the hunting
season (Oberheu and Dabbert 2001) when feeding is more common but the climate is less
hospitable to fungal growth (Sanchis and Magan 2004). The A. flavus strain grows best at 35 38ºC with aflatoxins optimally produced at 25 - 33ºC (Marasas and Nelson 1987; Sanchis and
Magan 2004). Additionally, past studies have focused primarily on corn (Dunham et al. 2017),
but landowners use a variety of feeds, most notably protein pellets, with and without the addition
of corn.
To address these gaps in the literature, we determined the extent of aflatoxin
contamination in bulk/bagged wildlife feed and deer feeders, examined how aflatoxins grow in
corn piles accessible to environmental contamination, and quantified wildlife visitation to
feeding sites. We hypothesized that we would find aflatoxin at a prevalence similar to past
studies, that aflatoxin contamination would increase over time with environmental exposure, that
summer samples would have greater aflatoxin contamination than hunting season samples, and
that a variety of non-target wildlife would consume feed. Identifying aflatoxin contamination
risk in supplemental feeding and comparing summer and hunting season feeding could inform
managers interested in providing feed and help reduce risk of resulting aflatoxicosis in wildlife.
3

Materials and Methods
To examine aflatoxins in feeders, we sampled year-round deer feeders in use for at least
one year. These feeders were located on 17 properties throughout Mississippi, USA (Figure 1) in
various habitat types (closed canopy pines, thinned pines, and bottomland hardwoods) and soil
types (Blackland Prairie, Interior Flatlands, Lower Coastal Plain, Lower Thin Loess, Upper
Coastal Plain, Upper Thick Loess, Upper Thin Loess) (Kushla and Oldham 2017). Feeders were
privately owned and so non-randomly placed, often coinciding with supplemental food plantings.
We classified feeders into three categories (spin, gravity, and trough) and recorded the
type of feed in each (corn, protein, or blends). We collected 100 g of feed from each feeder,
subsampling throughout the feeder because aflatoxins are not uniformly distributed in feed
(Dunham et al. 2017). Additionally, we recorded temperature and humidity readings from the
inside, outside, and feeding port of feeders sampled in the summer (Elitech GSP-6 Temperature
and Humidity Digital Data Logger, Elitech, San Jose, California, USA).
To examine aflatoxins in feed at the retail level, we sampled bagged and bulk feed from
Alabama, Arkansas, Louisiana, Mississippi, Tennessee, and Texas, USA (Figure 1). We
collected 100 g feed samples from various retailer types: national chains, bulk corn-vending
machines, county co-ops, and others (Table 1). The types of feed we sampled were whole corn,
protein pellets, and wildlife feed blends (Table 2).
Southeastern USA, where our sampling occurred, has a subtropical climate with long,
humid summers and short, mild winters. Mississippi receives an average of 140.2 cm of rain
annually and average temperatures are 26.5ºC in the summer and 6.8ºC in the winter (National
Oceanic and Atmospheric Administration 2021).
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We conducted controlled trials of environmental exposure using corn placed in forests on
two properties near Starkville, Mississippi, USA during November and July 2020. Both forests
were located in the Interior Flatwoods soil region (Kushla and Oldham 2017). We placed
approximately 2 kg of corn in each of 10 piles on the ground, protected them from wildlife
access using wooden-sided frames (42, 33, 5 cm) covered with 2 cm mesh, and secured them to
the ground with rebar. We collected samples on the day of placement and after one, three, five,
eight, and 10 days of environmental exposure. We kept all samples refrigerated until submission
to the Mississippi State Chemical Laboratory, which used an ELISA with 5 ppb detection limit to
detect aflatoxins.
We monitored wildlife visitation for seven days at each feeder site using camera traps
(Bushnell Trophy Cam HD Vital V3 Game Camera, Bushnell, Overland Park, Kansas, USA).
We secured two cameras to a tree or post 4-5 m from the feeder and set them to take one photo
per trigger event with a 25-minute interval and a scanning photo each hour. We recorded the
species and number of individuals in each photo.
We used Version 9.4 of the SAS System for Windows (©2013 SAS Institute Inc.) for
statistical analyses. We compared prevalence of aflatoxins in summer feeders, hunting season
feeders, and hunting season bagged/bulk feed using a chi-square test. We evaluated aflatoxin
growth after environmental exposure using a mixed model (PROC MIXED) with aflatoxin level
as the dependent variable and time, season, and the interaction of time and season as independent
variables. We treated non-detections of aflatoxins as zeros.
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Results
We sampled 73 feeders during summers and 34 feeders and 64 bagged/bulk feed sources
during hunting seasons of 2019 and 2020. We also examined environmental exposure of 10 corn
piles over 10-day periods during summer and hunting season 2020.
We collected samples from different types of feeders which had been filled with a variety
of feed types (Table 3). Three summer feeders (4.1%, Figure 2) contained detectable levels of
aflatoxins, with an average of 58 ± 71 ppb and range of 9-139 ppb. Similarly, two of the 34
sampled hunting season feeders (5.9%) contained detectable levels of aflatoxins with an average
of 60 ± 1 ppb and a range of 59-61 ppb. Finally, seven of the 64 feed samples (10.9%) collected
during the hunting season contained detectable levels of aflatoxins with an average of 13 ± 8 ppb
and range of 5-23 ppb. Feeder temperature and humidity readings from the summer were similar
inside (29.1 ± 4.0 ºC, 70.2 ± 9.7%) outside (29.1 ± 2.7 ºC, 70.6 ± 11.0%), and at the feeding port
of the feeder (28.7 ± 3.3 ºC, 70.6 ± 13.1%).
Corn exposed to environmental contamination showed different temporal patterns of
aflatoxin levels, with effects of TIME (F9,73=68.3, p<0.0001), SEASON (F9,73=11.8, p=0.001),
and TIME x SEASON (F9,73=68.6, p<0.001) all important. Temperature and humidity during
environmental exposure trials differed by season but were similar between properties, with
average temperature of 25 ºC and 12.4 ºC and humidity of 86% and 75% in the summer and
hunting season, respectively (Table 4). In summer, the first day of detection was day five (Figure
3). On day five, three samples had detectable levels of aflatoxins and all samples were positive
on days eight and 10. The range of aflatoxin contamination on day 10 was 1115-3619 ppb
(x̄=2220.5 ± 541.3 ppb) in the summer. However during the hunting season, the first detection
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was on day one and no further aflatoxin detections occurred over the remaining nine days
(Figure 4).
We monitored wildlife visitation with camera traps at 67 feeder sites, resulting in 469
camera nights. Of the over 35 species photographed, the most common detections were raccoons,
Procyon lotor, (15.3 ± 2.5 /day), white-tailed deer, (6.5 ± 1.0), Virginia opossums, Didelphis
virginiana, (0.9 ± 0.2), and wild pigs, Sus scrofa, (0.5 ± 0.2, Figure 5). We photographed Wild
Turkeys at 34.3% of feeder sites, Mourning Doves, Zenaida macroura, at 26.9%, Northern
Bobwhites at 3.0%, and songbirds at 47.8% (Table 5). Prevalence at feeder sites of Virginia
opossums, Wild Turkeys, and Mourning Doves varied significantly by feed type (Table 6).
Northern Bobwhites were only detected twice, each at a different feeder, but on a single
property. Songbirds included American Robins (Turdus migratorius), Blue Jays (Cyanocitta
cristata), Brown-headed Cowbirds (Molothrus ater), Eastern Towhees (Pipilo
erythrophthalmus), Indigo Buntings (Passerina cyanea), Northern Cardinals (Cardinalis
cardinalis), Song Sparrows (Melospiza melodia), and Yellow-breasted Chats (Icteria virens). We
also photographed Black Vultures (Coragyps atratus), Turkey Vultures (Cathartes aura), Redbellied Woodpeckers (Melanerpes carolinus), American Crows (Corvus brachyrhynchos), and
an unidentified owl species visiting feeders.
Discussion
We found aflatoxin prevalence in feed and feeders to be lower than several past studies,
which had found aflatoxins in many or even most sampled bags of feed (Brown and Cooper
2006; Dunham et al. 2017). These data were collected 7-15 years ago, so the decreased
prevalence found in this study may represent subsequent improvement in industry controls.
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However, the aflatoxin levels we found of up to 23 and 139 ppb may be enough to affect the
health of game and non-game birds (Quist et al. 2000; Moore et al. 2013).
Aflatoxin growth is temperature-dependent (Marasas and Nelson 1987), however, past
studies on aflatoxins in wildlife feed have not examined potential differences between yearround and hunting season feeding. One aflatoxin-producing strain of Aspergillus sp. grows best
between 35 - 38ºC, producing aflatoxins optimally between 25 - 33ºC (Marasas and Nelson
1987; Sanchis and Magan 2004). In the environmental exposure experiment, summer conditions
were ideal for aflatoxin production and slightly below optimum for A. flavus growth (Table 4). In
contrast, hunting season weather conditions were primarily outside the optimal ranges for both A.
flavus growth and aflatoxin production. This may explain why summer environmental exposure
samples had consistently greater levels and an overall greater prevalence of aflatoxin
contamination compared to hunting season samples. This suggests that summer feeding,
especially kinds which involve feed on the ground, may be higher risk for aflatoxincontamination than feeding done during the hunting season.
Summer and hunting season feeders did not differ by prevalence or average positive level
of aflatoxins. Feed is often consumed from feeders within three to 14 days, depending on feeder
type and rate of wildlife visitation. Additionally, feeders protect feed from environmental
conditions like rain and ground contact. Given all this, aflatoxin contamination in feeders may be
best explained by the contamination of bagged/bulk feed entering the feeder rather than from
environmental contamination.
We documented significant use of deer feeders by non-target species, similar to past
studies (Campbell et al. 2013; Bowman et al. 2015). Detections of raccoon were the most
common of any species, including white-tailed deer, and game and non-game birds were
8

regularly detected. The detections of some non-target species (Virginia opossums, Mourning
Doves, and Wild Turkeys) varied by feed type suggesting that managers might be able to reduce
feed consumption, and potentially aflatoxin exposure, of these animals by altering the type of
feed offered. Such actions would be valuable because at least one species of Dove, as well as
Northern Bobwhites, does not avoid aflatoxin-contaminated feed (Perez et al. 2001).
Furthermore there are concerns that declining Wild Turkey populations may be related to
aflatoxin-contaminated deer corn (Butler and Godwin 2017).
Wildlife is susceptible to aflatoxicosis, especially birds such as Wild Turkey and
Northern Bobwhite (Creekmore 1999). Aflatoxicosis mortalities are regularly documented in
wildlife due to consumption of contaminated crops (Robinson et al. 1982; Cornish and Nettles
1999) and in domestic pets due to contamination of pet food (Newman et al. 2007; Food and
Drug Administration 2021). However, wildlife mortalities may be less noticeable outside of
croplands, such as when they occur in the woods as a result of supplemental feeding. Moreover,
the effects of aflatoxins can be subtler than mortalities, while still causing population declines
through decreased reproduction, reduced growth rates, and immunosuppression (Monson et al.
2015). We found wildlife feed and feeders to be sources of aflatoxin, especially for feed with
ground contact in summer.
Given the limited number of feeders containing aflatoxins, we were unable to compare
aflatoxin growth by type of feed (corn, protein pellets, and blend) or in different types of feeders
(spin, gravity, and trough). Future research is needed on this relationship in order to inform
managers as to best management practices for feeding.

9

Table 1.1

State

Purchase state and retailer type of feed bags sampled in the southeastern USA
during November-December 2019 and 2020.

National
Chaina

Retailer Type
Farm
Bulk Vending
Storesb
Machines

Otherc

Total

Alabama
0
1
5
2
8
Arkansas
4
9
0
4
17
Louisiana
1
3
1
4
9
Mississippi
3
10
0
5
18
Tennessee
4
4
0
0
8
Texas
2
0
0
2
4
Total
14
28
6
15
64
a National chains included were Tractor Supply Company, Walmart, Bass Pro Shop, and
Academy Sports and Outdoors
b Farm stores included county co-ops, feed and seed stores, and farming stores
c Other retailers included feed mills, gas stations, grocery stores, and local hunting stores
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Table 1.2

State
Alabama
Arkansas
Louisiana
Mississippi
Tennessee
Texas
Total

State of purchase and type of bagged/bulk feed sampled in the southeastern USA
during November-December 2019 and 2020.

Corn

Feed Type
Corn/Protein Blend

Protein

Total

7
12
5
16
7
4
51

1
3
3
1
1
0
9

0
2
1
1
0
0
4

8
17
9
18
8
4
64
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Table 1.3

Type of feed and feeder of feeder samples collected in Mississippi, USA during
May-December 2019 and 2020.
Feed Type
Mix/Other Protein

Feeder Type

Corn

Hunting Season
Gravity
Spin
Trough
Summer
Gravity
Spin
Trough

21
8
13
0
14
2
12
0

10
4
0
6
12
6
3
3

3
3
0
0
34
13
0
21

34
15
13
6
60
21
15
24

Total

35

22

37

94

12

Total

Table 1.4

Daily weather characteristics during 10-day environmental exposure experiments
conducted in two forests during summer (July) and hunting season (November) of
2020 in Mississippi, USA. Weather data was retrieved from the nearest weather
station.
Temperature (ºC)
Average
Range

Summer
Hunting Season

25
12.4

Humidity
Average
Range

20.0 - 33.9
0.0 - 27.5

86%
75%

13

43 - 100%
24 - 100%

Rainfall (cm)
Average Total
0.3
0.0

7.1
0.1

Table 1.5

Prevalence of species by type of feed provided at feeder sites monitored with
camera traps during May-August 2019 and 2020. Prevalence indicates at least one
detection of a species at a feeder over the course of one week.

Corn
Protein Blend/Othera
(n=23) (n=28)
(n=16)
P value
0.303
91%
100%
94%
White-tailed deer (Odocoileus virginianus)
0.156
96%
100%
88%
Raccoon (Procyon lotor)
0.253
30%
14%
13%
Wild pig (Sus scrofa)
<0.001
30%
82%
63%
Virginia opossum (Didelphis virginiana)
0.001
35%
14%
69%
Wild Turkey (Meleagris gallopavo)
<0.001
30%
0%
75%
Mourning Dove (Zenaida macroura)
b
0.350
39%
46%
63%
Songbird
a Blends were unique to properties and included soybeans, sunflower seeds, vegetable oil,
flavoring, and whey protein powder
b Songbirds include American Robin (Turdus migratorius), Blue Jay (Cyanocitta cristata),
Brown-headed Cowbird (Molothrus ater), Eastern Towhee (Pipilo erythrophthalmus), Indigo
Bunting (Passerina cyanea), Northern Cardinal (Cardinalis cardinalis), Song Sparrow
(Melospiza melodia), and Yellow-breasted Chat (Icteria virens)
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Figure 1.1
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Locations of feeders sampled (stars) and stores where feed was sampled (circles)
for aflatoxins in and around the southeastern USA during May-December 2019
and 2020.
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Aflatoxin prevalence and average positive level (parts per billion) in feed and
feeders sampled in the southeastern USA during May-December of 2019 and
2020.
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Figure 1.3
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Aflatoxin prevalence and levels in 10 corn piles placed in Mississippi, USA forests
and sampled over 10 days in July 2020. Two samples were lost to wildlife by day
five and six samples were missing on days eight and 10. Prevalence represents
samples tested and does not include missing values.
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Figure 1.4
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Aflatoxin prevalence and levels in 10 piles of corn placed in Mississippi, USA
forests and sampled over 10 days in November 2020.
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Prevalence
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Figure 1.5

40%

60%

Raccoons
Song Birds
Virginia Opossums

80%

100%

Game Birds
Other Birds
Other Mammals

Proportion of wildlife species detections by camera traps at deer feeders in
Mississippi, USA from photos collected during May-August of 2019 and 2020.
Game bird species were Wild Turkeys (Meleagris gallopavo), Northern Bobwhite
(Colinus virginianus), and Mourning Doves (Zenaida macroura). Other birds
included Turkey Vultures (Cathartes aura), Black Vultures (Coragyps atratus),
Red-bellied Woodpeckers (Melanerpes carolinus), and American Crows (Corvus
brachyrhynchos). Other mammals included rabbit species, nine-banded armadillos
(Dasypus novemcinctus), domestic dogs (Canis familiaris), domestic cats (Felis
catus), coyotes (Canis latrans), fox species, and small mammal species.
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CHAPTER II
SUPPLEMENTALLY FEEDING DEER INCREASES RISK OF
ZOONOTIC GI PARASITE TRANSMISSION
Abstract
Zoonotic diseases are increasing over time as humans interact more with wildlife.
Wildlife are host to a variety of gastrointestinal parasites (GIPs) and artificially concentrating
animals may increase the chance of disease spread to other animals and humans due to increased
GIP load and associated environmental load. Supplemental feeding of deer is common among
hunters and known to concentrate animals, but there is limited knowledge of how it affects GIP
environmental load. We compare GIPs in scat between ecologically-equivalent pairs of sites with
and without year-round supplemental feeding (average distance = 147 m). During May to August
in 2019 and 2020, we collected and tested wildlife scat for the presence strongylids, coccidia,
Giardia spp., Cryptosporidium spp., and Baylisascaris procyonis. On average, fed sites had 8
more deer and 2 more raccoon fecal piles than unfed sites. Parasite loads within fecal samples
did not differ, but the greater number of deer and raccoon fecal piles at fed sites (p<0.0001)
produced 299.0% and 433.3% greater environmental loads of strongylids and coccidia,
respectively. Spin feeders, which distribute feed on the ground, had 326% more coccidia in feces
on average compared to other feeder types that do not place feed directly on the ground. Finally,
human visitation is significantly greater (p<0.01) at fed sites. These results show that
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supplemental feeding of white-tailed deer, especially with spin feeders, increases environmental
loads of GIP and the potential for transmission of zoonotic diseases.
Introduction
Emerging infectious disease events have increased in number globally over the past 70
years, especially for zoonotic diseases (Jones et al. 2008). Areas where wildlife, humans, and
domestic animals intersect increase transmission risk of zoonoses (Zahedi et al. 2016). An
important intersection of these groups is sites of supplemental feeding for deer (Sorensen et al.
2014). Supplemental feeding is a common management action for deer herds, practiced by
approximately one-half of hunting lease permit holders in Texas (Thigpen et al. 1990) and
Mississippi hunting clubs (Jones et al. 2017). It is known to concentrate animals and hunters in a
small area which can intensify otherwise insignificant infections (Yuill 1999).
Supplemental feeding has been implicated in the spread of bovine tuberculosis in deer
(Miller et al. 2003), increased spread of ectoparasites (Mills 1936), and wildlife exposure to
aflatoxins (Fischer et al. 1995; Oberheu and Dabbert 2001). Additionally, increased
gastrointestinal parasitism has been shown in wild boar around feeders (Navarro-Gonzalez et al.
2013) and in raccoons with access to baiting sites (Gompper and Wright 2005; Brookshire et al.
2020). The relationship between feeding and gastrointestinal parasitism in cervids may be more
complicated (Hines et al. 2007).
Gastrointestinal parasites (GIPs) are notable due to their potential to be zoonotic and
generalist parasites (Hatam‑Nahavandi et al. 2019). For example, Giardia duodenalis has been
detected in over 50 species of wild mammals, including white-tailed deer (Ryan and Cacciò
2013). Health effects of increased GIP loads include intestinal damage, dehydration, and reduced
feeding (Friend and Franson 1999).
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Wildlife’s contribution to parasite contamination on a landscape-level and thus
transmission risk can be calculated as the environmental load (Atwill et al. 2006). Environmental
load calculations quantify parasites by wildlife population (Atwill et al. 2003) or geographic area
(Cox et al. 2005) and may indicate potential for zoonotic transmission. Though past research
correlated GIPs and human-supplied food, there is little research directly comparing wildlife
with and without feeding sites (Sorensen et al. 2014) or addressing how environmental load
changes over time at long-term feeding sites.
To address these information needs, we compared the environmental load of coccidia and
strongylid parasites at fed and unfed sites. We also looked for differences in GIP loads by feeder
type and duration of feeding. Finally, we surveilled for Giardia spp., Cryptosporidium spp., and
Baylisascaris procyonis at fed and unfed sites. We hypothesized environmental load of
gastrointestinal parasites would be greater at fed sites compared to unfed sites (NavarroGonzalez et al. 2013; Brookshire et al. 2020) as well as with longer duration of feeding
compared short-term feeding because deer use of feeders increases over time (Hubert et al.
1980).
Materials and Methods
To examine the effects of supplemental feeding, we sampled deer feeders on 17
properties (Figure 1) in Mississippi, USA that have been in year-round use for at least one year.
We selected ecologically-equivalent reference sites without feeders for each feeder site.
Reference sites were matched with feeder sites according to plant community, prescribed fire
regime, and proximity to bodies of water, agronomic food plantings, and infrastructure. We
established site pairs in a variety of habitats: closed canopy pines, thinned pines, and bottomland
hardwoods. The pairs were in seven of the 10 Mississippi soil types: Blackland Prairie, Interior
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Flatlands, Lower Coastal Plain, Lower Thin Loess, Upper Coastal Plain, Upper Thick Loess, and
Upper Thin Loess (Kushla and Oldham 2017). Most feeders were privately-owned and operated,
so their placement was non-random. We sampled spin, gravity, and trough feeders (Figure 2) and
categorized feeding duration into short term (<5 years) and long term (5+ years).
We monitored human and animal visitation using camera traps at each site (Bushnell
Trophy Cam HD Vital V3 Game Camera, Bushnell, Overland Park, Kansas, USA). We placed
cameras traps 4-5 m from site center and set them to take one photo per trigger event with a 25minute interval and a scanning photo hourly for one week. We recorded the species and number
of individuals from each photo and indexed potential zoonotic exposure based on visits per day
by humans to fed and unfed sites, excluding photos of the researchers.
We counted and collected scat along concentric, circular transects out to a 25 m radius
from site center. We identified scat by species and collected samples deemed fresh enough
(moist and soft to the touch) for GIP counts. We placed samples on ice in the field and
refrigerated them in the lab until processing within 48 hours of collection.
For strongylid and coccidia counts, we used McMaster’s technique to determine the
number of parasites eggs per gram feces (EPG) in all fresh feces (Roepstorff and Nansen 1998).
We used fecal flotations on fresh raccoon, Procyon lotor, feces to surveil for Baylisascaris
procyonis and sent any potential positives to Zoologix (Chatsworth, CA, USA) for confirmation
by RT-PCR. We sent composite samples of all fresh white-tailed deer, Odocoileus virginianus,
(hereafter, deer) feces from each site to the Mississippi Veterinary Research and Diagnostic
Laboratory to detect Giardia spp. and Cryptosporidium spp. using a direct fluorescent antibody
(DFA) test.
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We used Version 9.4 of the SAS System for Windows (©2013 SAS Institute Inc.) for
statistical analyses. After calculating the differences between each fed and unfed pair for all
variables, we determined that all data were non-normally distributed using Shapiro-Wilk tests.
Therefore, we compared the number of scats and average eggs per gram (EPG) of coccidia and
strongylids in deer feces using Wilcoxon signed-rank tests. To examine the relationship between
coccidia and strongylid EPG and feeder characteristics (feeder type and duration of feeding), we
fit generalized linear models (GLMs) using PROC GENMOD. We used a zero-inflated negative
binomial distribution for the model due to the number of zeros and the non-normal distribution.
We calculated environmental load using the mean infection intensity of strongylids and
coccidia per deer and raccoon fecal pile and the mean number of fresh feces per species per site
(Oates et al. 2012). We used feces from these species because of their greater prevalence
compared to other species and their potential for zoonotic impacts.
Results
We identified 79 feeder sites with viable, ecologically-equivalent unfed pairs located
throughout Mississippi, USA (Figure 1). Feeders and their reference sites were 147 ± 70 m apart
(average ± standard deviation). Each feeder had been in year-round use for 1-10 years (mean ±
SD; 3.9 ± 2.3 years). The types of feeders included spin (n=31), trough (n=26), and gravity
(n=22, Figure 2).
We found 2,133 fecal piles, of which 288 were deemed fresh enough for fecal egg counts.
The difference in number of scats within pairs (fed-unfed) showed more feces deposited at fed
sites by deer (8.2 ± 20.8, p <0.0001), raccoons (2.2 ± 4.2, p<0.0001), and wild pigs, Sus scrofa,
(0.6, p<0.008) (Table 1). Gastrointestinal parasite loads for individual fecal samples (Table 2)
did not differ between fed and unfed sites for any host species. Strongylids were not affected by
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feeder type or feeding duration (Table 3). For coccidia, there was also no effect of feeding
duration. However, infection intensity was greater around spin feeders (Table 3), with 217.2%
more coccidia in deer feces at spin feeder than at gravity and 650.0% more than at trough on
average.
Environmental parasite load varied more between paired sites for coccidia than
strongylids, but in both cases were greater at fed sites than unfed sites (Table 4). Despite no
difference in the average GIP load, the increased numbers of feces at fed sites led to 299% and
433% greater environmental loads of strongylids and coccidia respectively compared to unfed
sites. Human visitation differed by prevalence (p<0.003) and average daily visits (p<0.01) at fed
(54.0%, 0.2 ± 0.3 visits/day) and unfed sites (29.1%, 0.1 ± 0.2 visits/day). Domestic dogs (Canis
familiaris) were also documented more at fed sites than unfed sites (11 vs 2 visits), though the
sample size was too low for statistical comparison.
Sixty-two sites had at least one fresh deer scat, of which two composite samples were
positive for both Giardia spp. and Cryptosporidium spp.. These positives came from an unfed
site and a fed site on different properties. Two of 61 individual, fresh raccoon scats contained
roundworm eggs but neither were positive for B. procyonis by RT-PCR.
Discussion
The goal of some supplemental feeding programs is to improve deer health. However as
we hypothesized, these results show that feeding increased environmental load of gastrointestinal
parasites, potentially undermining any nutritional gains from feeding (Hoskin et al. 2007) and
risking disease transmission to humans, domestic pets, and other wildlife. This is similar to past
research showing increased GIPs with presence of feed (Navarro-Gonzalez et al. 2013;
Brookshire et al. 2020) and greater host density (Atwill et al. 2001).
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It is unsurprising that EPG counts in this study did not differ by feeding status given that
paired fed and unfed sites averaged only 147 m apart. Not all individuals in a deer population
will access available feeders (Hubert et al. 1980), but the same individuals could easily have
accessed both fed and unfed sites within a pair given that bucks travel 6.2 km/day on average
(Webb et al. 2010). The difficulty in finding a large sample size of ecologically-equivalent unfed
sites that were also spatially independent from the feeder locations prevented us from using
populations with no access to feed as in past research (Gompper and Wright 2005; MukulYerves et al. 2014).
Environmental load calculations allowed us to estimate potential animal-animal and
animal-human disease spread associated with concentrating animals and people at feeders. We
found increased human visitation to feeder sites with people visiting to fill feeders, retrieve
camera trap photos, maintain the area, and more. We also found increased numbers of fecal piles
at feeder sites, indicating increased wildlife use. This intersection of increased human, domestic
pet, and wildlife use coupled with greater environmental load at feeders may promote the
transmission of zoonotic diseases like GIPs either at the feeder or from wildlife to humans during
hunting. One such GIP is Giardia duodenalis which has been detected in over 50 species of wild
mammals, including white-tailed deer (Ryan and Cacciò 2013) and is the most common
intestinal parasite of humans in the USA (Kappus et al. 1994; Conover and Vail 2015).
Interestingly, we did find an effect of feeder type with increased levels of coccidia in
feces around spin feeders, where feed is consumed off the ground, compared to gravity and
trough feeders, where feed is designed to be consumed directly from the feeder (Figure 2). This
is further evidence of elevated transmission risks from feeding. However, any increased risk
associated with spin feeders may be isolated to fecal-oral parasites like coccidia (Hamond 1973)
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and mitigated for parasites that can infect through other routes, such as strongylids (Gutierrez
2011).
Despite our hypothesis that gastrointestinal parasitism would increase over time at
feeding sites, we found no effect of time for either strongylids or coccidia. We expected GIPs
would increase with long-term feeding because the proportion of deer using feeders increased
over time in Hubert and others’ study (1980). However these results were over the first two years
of feeding whereas we compared 1-4 years of feeding to 5-10 years of feeding. At this scale,
there may not be meaningful differences in the proportion of deer using feeders. Alternatively
the non-target wildlife use may not differ in time in the same way and so mitigate any effect of
changing deer use.
Our reported prevalence of 3.2% are similar to previous reports in Mississippi deer of
Giardia and Cryptosporidium prevalence of 1.1% and 5.0%, respectively (Rickard et al. 1999).
Giardia is typically transmitted directly or through water (Thompson 2004), which may explain
why we found no effect of feeding. Alternatively, the 62 composites samples may not have been
enough to detect treatment differences in Giardia and Cryptosporidium. Baylisascaris procyonis
has still not been found in Mississippi (Kazacos 2016).
Sampling GIPs from feces found in the field has limitations. First, freshness of collected
feces is not known, unlike studies which use freshly-deposited samples or samples collected
directly from the animal (Schultz et al. 1994; Rickard et al. 1999). Additionally, for Giardia,
cysts are excreted sporadically during infection (McGlade et al. 2003), so we likely underestimated prevalence.
In conclusion supplemental feeding, like other actions that concentrate animals, increases
GIP environmental load which may increase transmission risk. This effect may be mitigated
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through using feeders that keep feed off the ground, like gravity and trough feeders. Future
research can further elucidate the relationship between feeding and GIPs by comparing isolated
populations with and without feeding.
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Table 1.6

Prevalence and median and mean number of scat by species found at 79 pairs of fed and unfed sites sampled on 17
properties in Mississippi, USA during May-August of 2019 and 2020. The overall means were compared using a
Wilcoxon signed rank test on the mean difference between pairs. Mean of positives per species was calculated using
only sites with at least one scat of that species.
White-tailed deer
(Odocoileus virginianus)
Fed
Unfed

Overall
Median
Range
Mean
SD
P value
Prevalence
Positives Only
Median
Mean
SD

5
0-264
14.2
33.8

1
0-118
5.9
15.4

Raccoon
(Procyon lotor)
Fed
Unfed

85%

71%

1
0
0-23
0-6
2.7
0.5
4.4
1.1
<0.001
58%
24%

7
16.7
36.2

3
8.4
17.8

2.5
4.7
4.9

<0.001

1
2.1
1.5
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Rabbit species
(Sylvilagus spp.)
Fed
Unfed
0
0-29
1.4
4.8

Wild pigs
(Sus scrofa)
Fed Unfed

0
0-18
0.7
2.4
25%

22%

0
0
0-18
0-1
0.6
0
2.6
0.2
0.008
11%
2%

1
3.0
4.1

2
6.3
8.8

4
5.8
5.8

0.348

1
1.0
0

Table 1.7

Prevalence and median and mean eggs per gram feces (EPG) of coccidia and strongylids in scat by host species
collected during May-August of 2019 and 2020 at 79 site pairs on 17 properties in Mississippi, USA. Fresh feces were
from white-tailed deer (Odocoileus virginianus), raccoon (Procyon lotor), rabbit species (Sylvilagus spp.), and wild pigs
(Sus scrofa). Mean of positives per species was calculated using only feces in which at least one GIP was detected.
Between fed and unfed sites, no GIP by species differed by Wilcoxon signed-rank tests, nor did their prevalence, by chisquared tests.

N
Overall
Median
Range
Mean
SD
Prevalence
Positives Only
Median
Mean
SD

Deer
178

Coccidia
Raccoons
Rabbits
61
25

Pigs
6

Deer
178

Strongylids
Raccoons
Rabbits
61
25

Pigs
6

0
0 – 39,540
382
3,016
29%

520
0 – 26,060
2,815
4,881
80%

340
0 – 70,400
5,306
15,157
76%

0
0 – 18,340
3,057
7,487
29%

40
0 – 2,680
119
248
72%

60
0 – 5,040
265
817
79%

180
0 -– 2720
311
547
92%

10
0 – 400
93
160
50%

0
507
3,471

580
3,013
4,992

360
5,527
15,442

0
6,113
10,589

80
158
274

60
284
842

180
324
555

140
187
194
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Table 1.8

Generalized linear model-generated coefficients for the effects of feeder type (gravity and spin relative to trough) and
duration of feeding (5-10 years, 1-4 years) on the infection intensity of feces with coccidia and strongylids collected in
Mississippi, USA during May-August of 2019 and 2020.
Variable

Strongylids
Feeder Type (Gravity)
Feeder Type (Spin)
Feeder Duration (5-10 years)
Coccidia
Feeder Type (Gravity)
Feeder Type (Spin)
Feeder Duration (5-10 years)

Estimate

Variance SE

95% Confidence Interval

-0.04
-0.01
-0.63

0.92
0.62
0.61

-1.84, 1.75
-1.22, 1.20
-1.83, 0.56

-1.43
2.98
1.69

2.02
1.32
1.37

-5.39, 2.54
0.40, 5.56
-1.00, 4.38
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Table 1.10

Estimated environmental load of strongylids and coccidia per site at fed and unfed sites in Mississippi, USA sampled
during May-August of 2019 and 2020. Feces were identified as either white-tailed deer (Odocoileus virginianus) or
raccoon (Procyon lotor). Total environmental load was calculated by multiplying the mean number of fresh fecal piles
per species per site by the average eggs per gram (EPG) feces per species (Table 2) and summing the two species for fed
and unfed.
Raccoons

Deer
# Fresh feces
Coccidia Environmental load
Strongylid Environmental load

Fed
1.5
572.9
178.7

Unfed
0.8
305.5
95.3

Fed
0.7
1970.7
185.4
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Unfed
0.1
281.5
26.5

Total Fed
2.2
2543.6
364.1

Total Unfed
0.9
587.1
121.8

0
0

Figure 1.6

50

100 km
50

100 mi

Properties (stars) sampled in Mississippi, USA during May-August of 2019 and
2020.
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Figure 1.7

Feeder types (gravity, spin, and trough) sampled in Mississippi, USA during MayAugust of 2019 and 2020.
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Figure 1.8

Photomicrographs of acid-fast stained oocysts (A-B) and isolations by fecal
floatation using Sheather's saturated sugar solution of an unstained oocyst
consistent with Cryptosporidium (C) and an unstained cyst consistent with
a Giardia sp. (D).
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CHAPTER III
SUPPLEMENTAL FEEDING OF DEER ALTERS TICK ECOLOGY
Abstract
Dense populations of white-tailed deer at the human-wildlife interface may contribute to
annually increasing human cases of tick-borne diseases. Further concentration of deer by
supplemental feeding may compound the problem, but little research exists on this topic,
especially in the southeastern United States. We quantified the effect of supplemental feeding on
ticks and tick-borne diseases at 79 pairs of sites with and without deer feeders during MayAugust of 2019 and 2020. Our capture of 0.4 fewer adult (p=0.044) and 1.2 fewer nymphal ticks
(p=0.010) at feeder sites may be related to increased wildlife visitation at feeders enabling more
successful questing by ticks. This effect intensifies over time with one less tick trapped at feeders
in use for over five years compared to feeders used for less than five years (p=0.046). A majority
of collected ticks were Amblyomma americanum (92.8%); so we also compared the pathogen
prevalence of Ehrlichia and Rickettsia at feeder and nonfeeder sites, which were not significantly
different. Finally we found that daily visitation of tick hosts including white-tailed deer,
raccoons, and Virginia opossums is greater at feeder sites (p<0.001). Supplemental feeding
appears to influence tick communities, but our findings here indicate supplemental feeding does
not increase prevalence of zoonotic bacteria within ticks at a local scale. Additional long-term
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research should be conducted to fully understand the role supplemental feeding has in zoonotic
diseases.
Introduction
Case numbers of tick-borne diseases in the United States (US) more than doubled in the
past 20 years (CDC 2008, CDC 2018). Reasons for these increases are complex and varied, but
one factor is changing host populations, including white-tailed deer (Odocoileus virginianus,
deer) (Paddock and Yabsley 2007). In the eastern US, the increase in white-tailed deer is
positively correlated with an increase in tick numbers (Wilson et al. 1990; Perkins et al. 2006).
Deer populations may be altered through local management actions, such as supplemental
feeding (termed feeding within this paper). Where legal, supplemental feeding of deer is a
common practice among hunters, employed by about half of Mississippi hunting clubs (W.
McKinley, personal communication) and Texas hunting lease permit holders (Thigpen et al.
1990). Feeding increases deer visitation rates to an area (Thompson et al. 2008) and alters
parasite communities of visiting animals (Mills 1936; Gompper and Wright 2005), which poses
health risks to both wildlife and humans (Sorensen et al. 2014).
Despite the popularity of feeding and its known relationship to disease incidence, few
studies have directly compared pathogen prevalence in host populations with and without access
to feeders (Sorensen et al. 2014). Past studies have compared parasite prevalence before and after
the addition of feeding (Gompper and Wright 2005), correlated disease and supplemental feeding
retrospectively (Miller et al. 2003), and compared tick densities at feeding sites and random plots
but estimated deer activity from the amount of feed consumed (Schulze et al. 2001). To isolate
how supplemental feeding affects tick ecology and the transmission risk of tick-borne diseases,
we established pairs of sites with and without feeding and compared the abundance and
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occurrence of ticks and tick-borne diseases between feeder and nonfeeder sites. We hypothesized
an increased number of ticks (Wilson et al. 1990) and prevalence of tick-borne diseases (Allan et
al. 2010) in areas of supplemental feeding due to increased host use of these areas. Here we
present data comparing tick collections between the feeder and nonfeeder sites, as well as the
identification of ticks and Rickettsia and Ehrlichia bacteria amplified from within.
Materials and Methods
A total of 79 pairs of feeder and nonfeeder sites were selected for monitoring on 17
properties in Mississippi, USA (Figure 1). Most feeder sites were privately owned, and feeders
were placed non-randomly, often intersecting wildlife food plantings. All feeders were in use
year-round and had been for at least one year. Paired ecologically-equivalent nonfeeder sites did
not have a feeder, but had similar plant communities, prescribed fire regimes, and proximity to
bodies of water, agronomic plantings, and infrastructure. Land covers included closed-canopy
pines, thinned pines, and bottomland hardwoods in a variety of soil resource regions: Blackland
Prairie, Interior Flatlands, Lower Coastal Plain, Lower Thin Loess, Upper Coastal Plain, Upper
Thick Loess, and Upper Thin Loess (Kushla and Oldham 2017). Mississippi has a subtropical
climate. Summers average temperatures of 26.5ºC with 31 cm of rain (National Oceanic and
Atmospheric Administration 2021).
We recorded animal visitation to each site using camera traps (Bushnell Trophy Cam HD
Vital V3 Game Camera, Bushnell, Overland Park, Kansas, USA). We placed cameras traps 4-5
m away from site center. Since we expected high visitation rates to feeder sites and to avoid
generating an overwhelming data set, we set trail cameras to capture one photo each trigger event
with a 25-minute interval and an additional scanning photo every hour. For one week of photos,
we recorded the species and number of individuals in each photo.
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We visited each of the 79 pairs once during the two-year study. Thick, thorny vegetation
at many sites precluded the use of dragging or flagging for collection. Therefore, we collected
ticks using carbon dioxide-baited traps, with 200g of dry ice in vented coolers on cardboard
bases edged with double-sided tape (Petry et al. 2010). We used 4 traps at each location for 3
hours during 2019 and 6 traps for 4 hours during 2020. We placed traps in a circle 7m from the
site center to evenly sample the area while avoiding the bare ground that tends to occur beneath
feeders. Trapping occurred during 600 and 1400 hours and all trapped ticks were stored in vials
associated with each site and containing 70% ethanol. We sent trapped ticks to the University of
Tennessee Medical and Veterinary Entomology laboratory for identification by species, sex, and
life stage using dichotomous keys (Cooley and Kohls 1945; Keirans and Litwak 1989; Keirans
and Durden 1998).
DNA extraction
We bisected ticks longitudinally with a sterilized scalpel blade and extracted total DNA
from half of each tick using the QIAamp 96 DNA kit (Qiagen, Hilden Germany) according to
manufacturer’s protocol using the QIAcube HT (Qiagen, Hilden Germany). We preserved the
other half of each tick in 80% ethanol as a voucher. We stored extracted DNA in a -20° C freezer
until further processing. We analyzed nymphs and adults individually and grouped larvae into
pools of up to 13 specimens from the same site.
PCR for detection of Rickettsia species by amplifying the ompA gene
We set up reactions in 40 µl total volume using 20 µl of DreamTaq Hot Start Green PCR
Master Mix (2X) (Thermo Fisher Scientific, Waltham, MA), 0.25 µM of forward primer (5’
ATG GCG AAT ATT TCT CCA AAA), 0.25 µM of reverse primer (5’ AGT GCA GCA TTC
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GCT CCC CCT), 16 µl nuclease free water, and 2 µl of template DNA. We performed PCR in a
Veriti 96 Well Thermalcycler (Applied Biosystems, Foster City CA). The thermal profile
consisted of 95ºC for 12 minutes, followed by 35 cycles of 95ºC for 20 seconds, 48ºC for 30
seconds and 60ºC for 2 minutes. The final extension was 72ºC for 3 minutes. Products were held
in a -20°C freezer until they were visualized with gel electrophoresis for detection of a band at
~532bp (ethidium bromide stained 1.5% agarose gels operating for 1.5 hr at 100 V). Positive
controls (previously ompA positive tick) and two negative controls (mix without the water,
previously ompA negative tick) were used in all reactions.
To identify the species of Rickettsia, we subjected all ompA-positive PCR products to a
restriction fragment length polymorphism (RFLP) in a 30 µl reaction containing 17 µl nuclease
free water, 2 µl 10X FastDigest Buffer, 10 µl PCR product, and 1 µl of PstI enzyme and
incubated at 37 °C for 30 m in a Veriti 96 Well Thermalcycler, per manufacturer directions
(FastDigest PstI, Thermo Fisher Scientific, Waltham, MA). Then we viewed digested PCR
products by capillary gel electrophoresis in a QIAxcel (Qiagen, Hilden, Germany) using the
QIAxcel DNA High Resolution Kit, QX Alignment marker 15 bp/600 bp, and QX DNA Size
Marker pUC18/HaeIII to determine fragment sizes. We used the OL800 method for detection (3
kV per 800 seconds separation time) and analyzed data using BioCalculator version 3.2.05
(Qiagen).
In each RFLP plate, we included previously amplified positive controls for R. amblyommatis
(123 bp, 411 bp), R. parkeri (81 bp, 143 bp, 267 bp), R. rhipicephali (259 bp, 280 bp), and R.
rickettsii (80 bp, 205 bp, 266 bp). Negative controls consisted of PCR master mix without
template DNA.
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Nested PCR for detection of Anaplasma and Ehrlichia species
Primary reactions were 20 µL total volume consisting of 10 µL DreamTaq Hot Start
Clear PCR Master Mix Clear (2x) (Thermo Fisher Scientific, Waltham, MA), 0.5 µM each of the
forward and reverse primer (Forward: 5’ GAA GAT GCW GTW GGW TGT ACK GC; Reverse:
5’AGM GCT TCW CCT TCW ACR TCY TC), 6 µL of nuclease-free water, and 2 µl of
template DNA. Nested PCR reactions were 30 µL total volume consisting of 15 µL DreamTaq
Hot Start Green PCR Master Mix (2x), 0.25 µM of each forward and reverse nested primer
(Forward: 5’ATT ACT CAG AGT GCT TCT CAR TG; Reverse: 5’TGC ATA CCR TCA GTY
TTT TCA AC), 11 µL of nuclease-free water, and 2 µl of amplified product from the primary
reaction. We ran primary and nested reactions in a Veriti 96 Well Thermalcycler (Applied
Biosystems, Foster City, CA) following the procedures previously described (Tabara et al. 2007;
Trout Fryxell and Vogt 2019). We visualized all amplicons using Ethidium bromide stained
1.5% agarose gels run for 1.5 hr at 100 V.
Confirmation Sequencing
All amplicons positive for Ehrlichia and any Rickettsia positives not identified as R.
amblyommatis by RFLP were selected for sequencing. Products were cleaned using 1.5 µl of
ExoSAP-IT (Thermo Fisher Scientific, Waltham, MA) per 5 µl of PCR product to remove excess
dNTPs and any residual single-stranded primers and DNA. Cleaned products were sent to
Eurofins Genomics (Louisville, KY, USA) for bi-directional Sanger sequencing and we
compared resulting sequences to GenBank deposits as previously described (Trout Fryxell et al.
2017).
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Statistical analysis
We compared tick numbers for each life stage and species diversity (defined as the
number of unique tick species at each site) between feeder and nonfeeder sites using Wilcoxon
signed-rank tests because the data were non-normally distributed and positively skewed
(Shapiro-Wilks, p<0.001). We compared the number of adult and nymphal ticks trapped at longterm feeders (5+ years) and short-term feeders (>5 years) with a Kruskal-Wallis test. Finally, we
compared the prevalence (defined here as number of positives divided by total number) and
occurrence (as a comparison of presence and absence) of ticks and tick-borne bacteria between
feeder and nonfeeder sites with chi-squared tests. We used SAS 9.4 (©2013 SAS Institute Inc.)
for all analyses.
Results
We identified 79 pairs of feeder and ecologically-equivalent nonfeeder sites at 17 properties
throughout Mississippi, USA (Figure 1). Feeders were in year-round use for 1-10 years (x̄ =3.9 ±
2.2) and nonfeeder sites averaged 147 ± 70 m from the nearest feeder.
In total we captured 1,182 ticks of which 92.8% were Amblyomma americanum (n=1097,
112 adults, 204 nymphs, and 781 larvae), 4% were A. maculatum (n=44, 42 adults and 2
nymphs), and 3% were Dermacentor variabilis (n=41, all adults). There was no difference in
species diversity between feeder (0.73 ± 0.80) and nonfeeder sites (0.80 ± 0.70, S = -39.5,
p=0.46) or in tick occurrence between feeder (53%, 41-64% 95% confidence interval) and
nonfeeder sites (67%, 56-77%, χ² = 2.64, p=0.10). At nonfeeder sites, there were significantly
more adult (S = -162.5, p=0.04) and nymphal ticks (S = -162.5, p<0.01, Table 1). The number of
larval ticks captured was similar at feeder and nonfeeder sites (S= -1, p=0.94). Due to small
sample size of captured ticks, we combined species at the life-stage level for analysis because
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these nymphs and adults feed on the same hosts. Long-term feeders (5+ years) had fewer adult
and nymphal ticks (1.3 ± 2.2) than short-term feeders (<5 years, 2.3 ± 3.0, χ² = 4.0, p<0.05).
We screened 188 adults, 198 nymphs, and 14 larval pools for the presence of ompA
(~Rickettsia spp.) and groEL (~Anaplasma and Ehrlichia spp.) genes. We successfully amplified
ompA in 44.8% and groEL in 1.8% of the samples.
The ompA PCR-RFLP and confirmation sequencing indicated R. amblyommatis (>99%
similar to GenBank MN336348) was detected in 157 A. americanum (35 female, 22 male, 99
nymphs, 5 pools of larvae), 7 A. maculatum (4 females, 3 males), and 2 D. variabilis (1 female, 1
male). It also identified R. parkeri (100% similar to GenBank MG5974938, MG594938,
MG574938) in one A. americanum and 10 A. maculatum, and R. andeanae (100% similar to
GenBank MN313362) in a single female A. maculatum (Table 2). Sequencing confirmed seven
of the groEL amplicons as E. ewingii (99-100% similar to GenBank KJ907744) in five A.
americanum and Ehrlichia species strain Cordoba (94-97% similar to GenBank KY425416) in
two A. maculatum. The sequence of one ompA positive A. americanum sample most closely
matched R. australis (93.94% similar to NCBI Reference Sequence NR_076955) and R.
akari (93.94% similar to NCBI Reference Sequence NR_076539), but these genetic similarities
are relatively low for a confident species identification.
We detected these bacteria in ticks from both feeder and nonfeeder sites. Occurrence of
bacteria in ticks and larval pools did not differ between those captured at feeder (50% contained
any bacteria) and nonfeeder sites (43%, χ² = 1.6754, p = 0.20). For Ehrlichia spp., 2.9% of
feeder and 1.2% of nonfeeder ticks/pools were positive, but the sample size was too low to
compare between treatments (Table 3). Rickettsia prevalence did not differ between ticks from
feeder (50%) and to nonfeeder sites (42%, χ² = 2.2, p=0.14). The most prevalent bacteria species
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was R. amblyommatis, which also did not differ (42%, 43%, χ² = 0.02, p=0.91). Sample size was
too low to compare R. parkeri (7%, 1%) and R. andeanae (1%, 0%).
Camera traps revealed a significant increase in the average daily visitation rate at feeder
sites compared to nonfeeder sites for deer (feeder: 3.33, 0 - 32.6 median, range, nonfeeder: 0.35,
0 - 2.71, p<0.001), Virginia opossums (Didelphis virginiana) (F: 0.14, 0 - 7.4, N: 0, 0 - 0.29,
p<0.001), and raccoons (Procyon lotor) (F: 7, 0 - 109, N: 0, 0-1.7, p<0.001). There was no
difference in turkey visitation (F: 0, 0 - 6, N: 0, 0 - 0.3, p=0.726). Regarding small mammals,
camera traps documented 72 appearances at feeder sites and only two appearances at nonfeeder
sites, but sample size was too low to compare a daily average visitation between feeder and
nonfeeder sites.
Discussion
Increases in tick-borne diseases in the eastern US are often attributed to dense whitetailed deer populations (Paddock and Yabsley 2007; Tsao et al. 2021). Despite increased
attraction of deer and small mammals to feeder sites, adult and nymphal ticks were more
numerous on traps placed at nonfeeder sites. The relationship between tick numbers and deer
density has been the subject of much research. Some studies found positive correlations (Wilson
et al. 1990; Rand et al. 2003; Allan et al. 2010), some found no consistent relationship (Schulze
et al. 2001; Ostfeld et al. 2006a), and some found negative correlations (Perkins et al. 2006).
This suggests the relationship between ticks and deer abundances varies by life stage of ticks and
location (Ostfeld 2011). Deer density can also affect the relationship. For example, one species
of tick, Ixodes scapularis, is correlated with deer density until the threshold of ~5 deer/km2 after
which tick abundance plateaus with increasing deer density (Elias et al. 2021). Given that deer
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density in Mississippi is estimated to be 14.3 deer/km2 (Hanberry and Hanberry 2020), this
threshold is likely exceeded at our study sites for the captured tick species.
Sampling method can also affect the data correlating ticks and deer, since the number of
trapped ticks does not necessarily correlate with the number of ticks on hosts (Falco and Fish
1989). Many tick hosts, including deer, small mammals, and humans, visited feeder sites at
higher rates than sites without feeding. Without data on parasite loads of these visiting hosts, it is
difficult to fully understand the influence of feeders of tick and tick-borne disease transmission.
The decreased number of ticks despite greater daily visitation rate of deer and small
mammals at feeder sites was contrary to our hypothesized positive correlation between host
presence and tick numbers (Wilson et al. 1990; Allan et al. 2010). Instead of the increased host
visitation leading to more ticks dropping off, host presence at feeders may have increased
questing success of ticks at feeder sites. This makes sense in hindsight, only 0.15% of a sample
of daily deer locations were within 20 m of a feeder (C. Henderson, unpublished data). Deer
spending 99.85% of their time away from the feeder leaves a greater opportunity for ticks to drop
off away from a feeder. Any ticks questing near the feeder need only brief contact to attach to a
host and have increased opportunity to do so due to high host visitation rates. Once attached to
hosts they would not have been available to be trapped (Ostfeld et al. 1996; Ginsberg and Zhioua
1999).
Increased predation of ticks around the feeders may also have contributed to lesser
numbers of ticks at feeder sites. Opossums are known to consume ticks in addition to hosting
them (Keesing et al. 2009) and were found more frequently at feeder than nonfeeder sites. Thus,
several factors could be interacting to affect tick ecology at feeder sites.
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Ticks are important vectors of pathogens causing diseases and the number of human
cases of tick-borne diseases is increasing over time (Centers for Disease Control 2018; Centers
for Disease Control and Prevention 2008). Feeders not only congregate wildlife but are also
commonly visited by humans for refilling and hunting and we noted that humans visited feeder
sites twice as often as nonfeeder sites (M.H.J. Huang, unpublished data). Past research found a
higher density of A. americanum nymphs infected with Ehrlichia chaffeensis in areas with
greater deer densities, suggesting increased risk of exposure to a zoonotic pathogen (Allan et al.
2010). However we did not find a difference in infection prevalence of ticks with Ehrlichia spp.
or Rickettsia spp. between feeder and nonfeeder sites despite increased host visitation.
In this study we used CO2-baited traps because thick, thorny vegetation at many sites
precluded dragging and flagging. However trapping numbers for ticks were low in 2019 with 4
traps set for at least 3 hours. Increasing to 6 traps for at least 4 hours in 2020 did not
meaningfully increase captures (median = 1 for both years, p=0.589 by Kruskal Wallis). Future
studies should consider leaving CO2-baited traps at sites overnight or selecting only sites with
vegetation that permits flagging or dragging efforts.
The overall decrease in ticks on the ground near deer feeders may indicate higher parasite
loads on hosts visiting these sites. In addition to wildlife, this may affect the health of humans
and domestic pets, both of which visited feeder sites at greater rates than nonfeeder sites (M.H.J.
Huang, unpublished data). Since the number of trapped ticks does not necessarily correlate with
tick numbers on hosts (Falco and Fish 1989), future studies should include tick recovery from
trapped or harvested hosts to better understand these host-parasite relationships at supplemental
feeding sites.
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Table 1.11

Adults
Nymphs
Larvae

Median and mean number and prevalence of ticks by life stage found at 79 pairs of feeder and nonfeeder sites sampled
on 17 properties in Mississippi, USA during May-August of 2019 and 2020. Ticks of each life stage were compared
between feeder (F) and nonfeeder (N) sites using Wilcoxon signed-rank tests.
Median, Range
F
N
0, 0-13
1, 0-8
0, 0-10
0, 0-33
0, 0-500
0, 0-175

Mean, SD
F
N
1.0, 1.8
1.4, 2.0
0.7, 1.5
1.9, 4.8
6.9, 56.4
3.0, 20.1

P value
0.044
0.010
0.945

54

Prevalence
F
N
44%
58%
32%
37%
6%
9%

P value
0.080
0.502
0.548

Table 1.12

Bacteria found in ticks by species and life stage captured at 79 pairs of sites on 17 properties in Mississippi, USA during
May-August in 2019 and 2020. Samples were composed of 1 adult, 1 nymph, or a pool of up to 13 larvae. Rickettsia
positives included R. amblyommatis, R. parkeri, R. andanae, and one sample that most closely matched R.
australis and R. akari. All Ehrlichia positives were E. ewingii or E. sp. strain Cordoba.

Total
Rickettsia Negative
Rickettsia Positive
R. amblyommatis
R. parkeri
R. andeanae
R. australis & R. akari
Ehrlichia Negative
Ehrlichia Positive
E. ewingii KJ907744
Ehrlichia sp. Cordoba

Amblyomma americanum
female male nymph larvae
67
40
198
14
34
18
99
9
33
22
99
5
32
22
98
5
0
0
1
0
0
0
0
0
1
0
0
0
63
39
198
14
4
1
0
0
4
1
0
0
0
0
0
0

Amblyomma maculatum
female
male
24
18
13
11
11
7
4
3
6
4
1
0
0
0
23
17
1
1
0
0
1
1
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Dermacentor variabilis
female
male
22
17
21
16
1
1
1
1
0
0
0
0
0
0
22
17
0
0
0
0
0
0

Total
400
221
179
166
11
1
1
393
7
5
2

Table 1.13

Prevalence of bacteria in ticks captured from feeder and nonfeeder sites at 79 pairs sampled on 17 properties in
Mississippi, USA during May-August of 2019 and 2020. Comparisons were made using chi-squared tests when the
sample size was sufficient, which it was not for Ehrlichia spp. and R. parkeri.

Any bacteria
Ehrlichia spp.
Rickettsia spp.
Rickettsia amblyommatis
Rickettsia parkeri

Feeder
50%
(42-59%)
3%
(1-7%)
50%
(41-48%)
42%
(33-52%)
7%
(3-12%)

Nonfeeder
43%
(37-49%)
1%
(0-3%)
42%
(36-48%)
41%
(35-47%)
1%
(0-3%)

P value
0.162
NA
0.137
0.901
NA
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Figure 1.9
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Properties (stars) sampled in Mississippi, USA during May-August of 2019 and
2020.
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